Asthma is etiologically and clinically heterogeneous, making the genomic basis of asthma difficult to identify. We exploited the straindependence of a murine model of allergic airway disease to identify different genomic responses in the lung. BALB/cJ and C57BL/6J mice were sensitized with the immunodominant allergen from the Dermatophagoides pteronyssinus species of house dust mite (Der p 1), without exogenous adjuvant, and the mice then underwent a single challenge with Der p 1. Allergic inflammation, serum antibody titers, mucous metaplasia, and airway hyperresponsiveness were evaluated 72 hours after airway challenge. Whole-lung gene expression analyses were conducted to identify genomic responses to allergen challenge. Der p 1-challenged BALB/cJ mice produced all the key features of allergic airway disease. In comparison, C57BL/6J mice produced exaggerated Th2-biased responses and inflammation, but exhibited an unexpected decrease in airway hyperresponsiveness compared with control mice. Lung gene expression analysis revealed genes that were shared by both strains and a set of down-regulated genes unique to C57BL/6J mice, including several G-protein-coupled receptors involved in airway smooth muscle contraction, most notably the M2 muscarinic receptor, which we show is expressed in airway smooth muscle and was decreased at the protein level after challenge with Der p 1. Murine strain-dependent genomic responses in the lung offer insights into the different biological pathways that develop after allergen challenge. This study of two different murine strains demonstrates that inflammation and airway hyperresponsiveness can be decoupled, and suggests that the downmodulation of expression of G-protein-coupled receptors involved in regulating airway smooth muscle contraction may contribute to this dissociation.
Identifying the genetic basis of asthma is difficult because asthma is etiologically and clinically heterogeneous (1, 2) . The severity and persistence of asthma differ between patients, and some patients present with airway hyperresponsiveness (AHR) and elevated markers of inflammation and/or atopy, whereas others present only with AHR (3, 4) . Gene-environment interactions are also likely to be important in the development of asthma (5) . Thus, although recent genome-wide association studies (GWAS) were successful at beginning to identify common genetic variants associated with asthma, many GWAS studies are underpowered to detect genetic loci that are important in certain phenotypes of asthma, and those studies are also underpowered to detect gene-environment interactions because of the large sample sizes and detailed exposure assessments required. Hence other complementary approaches are needed.
Hallmark features of asthma can be modeled in the mouse (6) , and that mouse strain (i.e., genome) strongly affects the phenotype (7) (8) (9) . For example, the two most commonly used inbred strains, C57BL/6J and BALB/cJ, differ in ovalbumin models of allergic disease (10, 11) . Furthermore, the link between allergic inflammation and AHR is also strain-dependent and model-dependent, with certain strains manifesting either or both phenotypes as a function of the induction of different allergen-response pathways (e.g., IL-4/ CD4 1 T-cell-dependent pathways (12) versus IL-5/eosinophildependent pathways (13) ), and of the route or timing of exposure (9) .
We therefore exploited the strain-dependence of murine models of allergic airway disease to help understand the genomic basis of the different etiologic pathways that lead to the primary phenotypes of airway inflammation and AHR. We used the immunodominant allergen from the Dermatophagoides pteronyssinus species of house dust mite (HDM), Der p 1, a relevant human allergen. As expected based on previous studies (8, 11) , C57BL/6J mice exhibited a stronger inflammatory response than did BALB/cJ mice, yet showed a striking decrease in airway responsiveness to methacholine. Using gene expression analysis, we identified a set of down-regulated G-protein-coupled receptors (GPCRs) involved in airway smooth muscle contraction that may mediate this response. Our results imply that airway smooth muscle gene expression is an important determinant of the physiologic response to allergen, and serves as one explanation for strain-dependent differences in murine models of allergic airway disease.
MATERIALS AND METHODS

Mice
C57BL/6J and BALB/cJ male mice were purchased from Jackson Laboratory (Bar Harbor, ME) and used beginning at age 7-8 weeks.
CLINICAL RELEVANCE
The genomic basis of asthma in humans is obscure. Using mice with divergent responses to the house dust mite allergen Dermatophagoides pteronyssinus (Der p 1), we identified genomic factors that affect the response to Der p 1.
Mice were housed 3-5 to a cage within an Association for Assessment and Accreditation of Laboratory Animal Care-approved facility.
Allergen Protocol
Mice were sensitized intraperitoneally with 10 mg low endotoxin Der p 1 (Indoor Biotechnology, Charlottesville, VA), without exogenous adjuvant, on Days 1 and 7 of the study. On Day 14, Der p 1-sensitized mice were challenged by orotracheal aspiration with 50 mg of Der p 1 in 40 ml of saline, or by saline alone (control mice). Seventy-two hours after the airway challenge, the mice were phenotyped.
Whole-Lung Lavage and Histology
Whole-lung lavage was performed immediately after the mice were killed. After lavage, the left lung was inflated with formalin at 25 cm of pressure, and then sectioned and stained for mucin, using the method of Evans and colleagues (14) .
Intracellular Cytokine Staining of Lung Lymphocytes and Flow Cytometry
Lung lymphocytes were isolated and stimulated with phorbol myristate acetate (10 ng/ml) and ionomycin (1 mg/ml) in the presence of brefeldin A (10 mg/ml). Cells were stained for the detection of intracellular IL-5, IL-13, IL-17, and IFN-g (BD Biosciences, San Jose, CA), and the expression data for surface markers and intracellular cytokines were acquired on an LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo software (Tree Star, Ashland, OR).
Immunofluorescence Microscopy
Optimum cutting temperature compound-inflated, frozen lungs were sectioned at 8-mm thickness, fixed, and incubated with primary antibody to the muscarinic M2 receptor (10 mg/ml, catalogue number mAB367; Millipore, Billerica, MA), followed by goat anti-rabbit Alexa 555 (1:500) or primary antibody to the formyl peptide receptor (Fpr1; 4 mg/ml, catalogue number sc-13198; Santa Cruz Biotechnology, Santa Cruz, CA), followed by Alexa 555 secondary antibodies (1:500) and subsequently FITC-conjugated a-smooth muscle actin (1:250, catalogue number F3777; Sigma Chemical Co., St. Louis, MO). Sections were mounted in 49,6-diamidino-2-phenylindole (DAPI)-containing medium, and imaged with a Zeiss LSM 510 confocal microscope (Thornton, NY).
Western Blot Analysis
Fifty micrograms of total lung protein were separated on 10-20% Tris-glycine gels, transferred to nitrocellulose membranes, and probed with primary antibodies for the M2 muscarinic receptor (Chrm2; 1:300 dilution, catalogue number AB-5166; Millipore) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:1,000 dilution, catalogue number sc-32233; Santa Cruz Biotechnology). Imaging and quantitation were performed using a Li-cor scanner (Li-Cor, Lincoln, NE).
Airway Hyperresponsiveness
We measured lung resistance using a Flexivent instrument (Scireq, Montreal, Quebec, Canada), with 10 mice per strain per group. Mice were anesthetized, tracheostomized, and paralyzed with pancuronium bromide to prevent voluntary respiration. Increasing doses of methacholine (0, 3, 6, 12, and 24 mg/ml) were administered by nebulization over a 10-second time period, and total lung resistance (R L ) was monitored for 3 minutes per dose. Between each dose of methacholine, two inflations to total lung capacity were performed to normalize the lung.
RNA Isolation and Gene Expression Analyses
Total RNA from the lower right lobe was isolated (Qiagen RNEasy Kit, Valencia, CA), and 1 mg was used in protocols recommended by the manufacturer for GeneChip Mouse Exon 1.0 ST arrays (Affymetrix, Santa Clara, CA). The detailed array methods can be found in the online supplement and the accompanying Gene Expression Omnibus (GEO) accession (GSE19223).
Statistical Analysis
Student t tests were used to compare group means, and P , 0.05 was considered significant. Further details are provided in the online supplement.
RESULTS
Increased Airway Inflammation in C57BL/6J Mice Compared with BALB/cJ Mice
Seventy-two hours after airway challenge with Der p 1, the total number of white blood cells in whole-lung lavage fluid (WLLF) increased significantly in both BALB/cJ and C57BL/6J mice, compared with mice challenged with saline ( Figure 1 ). However, C57BL/6J mice exhibited almost threefold more leukocytes than BALB/cJ mice after challenge with Der p 1 (159 6 28 3 10 4 versus 58 6 5 3 10 4 , respectively; P 5 8 3 10 24 ). In particular, Der p 1-induced airway eosinophilia was much greater in C57BL/6J mice compared with BALB/cJ mice. Within WLLF, Th2 cytokines were likewise greater in C57BL/6J mice compared with BALB/cJ mice ( Figure 1B ). C57BL/6J mice also manifested significantly greater concentrations of IFN-g in WLLF.
Enhanced Th2 Cytokine Production after Lymphocyte Stimulation in C57BL/6J Mice
To determine the CD4 1 lymphocyte phenotype after challenge with Der p 1, CD4 1 lymphocytes were isolated from Der p 1-challenged BALB/cJ and C57BL/6J lung tissue, briefly stimulated in vitro, and analyzed for intracellular cytokine responses. C57BL/6J mice demonstrated a significantly higher frequency of Th2 cells (IL-5 1 , IL-13 1 , and IL-5 1 /IL-13 1 , Figure 2A ) than did BALB/cJ mice. Notably, the percentage of CD4 1 lymphocytes that expressed IL-13 and both IL-5 1 and IL-13 1 were significantly higher in the C57BL/6J strain among sensitized control mice (see Table E1 in the online supplement). C57BL/6J mice also showed an increase in IFN-g, similar to the measurements in WLLF (Figure 1 ), although the difference did not reach significance. In general, BALB/cJ mice had fewer Th1 and Th2 cells. Numbers of Th17 cells, although low in frequency, were significantly higher in BALB/cJ mice, however.
To test antigen-specific cytokine responses, mediastinal lymph nodes from sensitized and challenged mice were restimulated in vitro with Der p 1. In general, C57BL/6J mice produced significantly more Th2 cytokines in response to Der p 1 ( Figure  2B ), correlating with higher frequencies of Th2 cells in the lung and higher frequencies of Th2 cytokines in WLLF. C57BL/6J mice also produced more Der p 1-specific IL-10, compared with BALB/cJ mice.
Increased Serum IgE and Der p 1-IgG1 in C57BL/6J Mice
Total serum IgE increased in response to sensitization for both strains, and again was significantly higher in C57BL/6J mice (Figure 3) , correlating with increased amounts of Th2 cells ( Figure  2A ) and IL-4 (Figures 1 and 2 ). Der p 1-specific IgE was not detectable in this acute, adjuvant-free model. However, titers of Der p 1-specific IgG1 were evident, and were significantly higher in C57BL/6J mice compared with BALB/cJ mice ( Figure 3 ).
Mucous Metaplasia Is Similar in BALB/cJ and C57BL/6J Mice
Alcian blue-periodic acid-Schiff staining of lungs showed increases in mucin production in allergen-challenged mice of both strains ( Figure 4A ). To quantify the degree of intracellular mucin production, we fluorescently stained fixed lung sections. Both strains showed evidence of increased mucin production in response to allergen challenge ( Figure 4A ), but the results did not differ by strain among allergen-challenged mice ( Figure 4B ). Interestingly, control C57BL/6J mice demonstrated higher concentrations of mucin compared with control BALB/cJ mice.
We measured the gene expression of chloride channel calcium activated 3 (Clca3, also known as Gob5) and mucin 5, subtypes A and C (Muc5ac), using quantitative RT-PCR. Consistent with the data for mucin, the expression of Muc5ac increased significantly in both strains, but did not differ as a function of strain ( Figure  4C ). However, the allergen-induced expression of the chloride channel Clca3 did differ significantly by strain.
Resistance Is Increased in BALB/cJ Mice but Decreased in C57BL/6J Mice after Challenge with Der p 1 Total R L increased in response to challenge with Der p 1 in BALB/cJ mice ( Figure 5) . Area under the curve (AUC) analysis showed a significant increase of 48% (P 5 0.001) in BALB/cJ mice. In contrast, C57BL/6J mice manifested a marked decrease in R L after challenge with Der p 1, and the AUC decreased by 45% (P 5 0.006). Altogether, the results from this Der p 1 model show that AHR is coupled to inflammation in the BALB/cJ strain but not in the C57BL/6J strain, therefore providing an opportunity to investigate the different genomic response pathways that lead to, or protect from, the development of AHR.
Gene Expression Analysis Reveals Shared and Distinct Patterns of Gene Expression
Challenge with Der p 1 caused significant changes in expression of 161 genes in lung tissue in either or both strains ( Figure 6 and Table E2 ). Overall, 16% (25/161) of the genes identified by microarray were unique to BALB/cJ, whereas 51% (82/161) were unique to C57BL/6J. Hence 34% (54/161) of the genes were shared by both strains. The list of shared genes includes Arg1, Agr2, Clca3, Muc5ac, Ccl8, Ccl11, Chi3L3, Chi3L4, Chia, Scin, Retnla, Retnlb, Timp, Ear11, Mgl1, Saa3, Serpina3n, and Slc6a24, which were previously described in murine studies (15) (16) (17) (18) (19) (20) (21) (22) , adding further support to a role for these genes in allergic airway disease. A subset of these genes was evaluated and confirmed by quantitative RT-PCR (Table E4) . Notably, among these shared genes, only Clca3 was differentially modulated by strain (P value for interaction 5 4.9 3 10 24 ), with BALB/cJ mice showing a substantially higher increase in expression, correlating with the greater increase in mucin production ( Figure 4 ) in that strain.
To illuminate the shared and distinct patterns of gene expression further, we performed pathway and gene ontology (GO) analysis (Table E5) . Numerous pathways associated with cell-cycle regulation and mitosis were up-regulated in both strains, but were more significant in BALB/cJ mice, including pathways associated with cell-cycle progression and extracellular matrix remodeling. In contrast, chemokine receptor 3 (CCR3) signaling in eosinophils, IL-17 signaling, the production of arachidonic acid, and Toll-like receptor signaling were much more prominent in C57BL/6J mice, corroborating earlier findings of airway inflammation and cytokine production in this strain.
Strikingly, 45 genes showed significant decreases in expression in C57BL/6J mice that were not matched in BALB/cJ mice ( Figure 6 ). The GO process analysis (Table E6 ) of these genes revealed a significant overrepresentation (P , 2 3 10 210 ) of genes encoding GPCRs implicated in the regulation of smooth muscle contraction, namely, Chrm2 (M2 muscarinic receptor), Pln (phospholamban), Fpr1 (Formyl peptide receptor), and Ptgfr (Prostaglandin F receptor). Quantitative RT-PCR confirmed the decrease in expression of these genes ( Table E4 ). Note that BALB/cJ mice down-regulated Ptgfr, Pln, and Fpr1, but to a lesser extent. The formal test of strain-Der p 1 interactions using quantitative RT-PCR expression data was significant for Chrm2 and Fpr1, but not for Pln and Ptgfr (Table E4) .
These results suggest that Chrm2 and Fpr1 are the most important GCPRs in terms of explaining the divergent physiologic responses to Der p 1 observed in C57BL/6J and BALB/cJ mice. Therefore, we sought to evaluate whether these two proteins are expressed at the putative site action, that is, airway smooth muscle (ASM). The expression of the M2 muscarinic receptor (M2R, encoded by Chrm2) in ASM was readily apparent ( Figure 7A ). The expression of Fpr1 was detected in white blood cells in the parenchyma (Figure E3 ), but not in ASM. Lastly, we measured M2R protein expression, using Western blot analysis, and detected a 57% decrease attributable to challenge with Der p 1 ( Figure 7B ), confirming the gene expression results.
DISCUSSION
Our findings indicate that inflammation and airway hyperresponsiveness can be decoupled, and suggest that the transcriptional down-regulation of G-protein-coupled receptors involved in regulating the contraction of ASM may contribute to this dissociation. BALB/cJ mice produced classic Th2-mediated inflammatory responses coupled with AHR, and the degree of allergic inflammation correlated with the development of AHR, as reported previously (23) . Gene expression changes in this strain included well-known allergen response genes, most notably a massive increase in Clca3 (gob5), a key mediator of gobletcell hyperplasia. Conversely, C57BL/6J mice developed a stronger inflammatory response than did BALB/cJ mice, but exhibited a remarkable decrease in airway responsiveness to methacholine when challenged with Der p 1. These interstrain differences allowed us to identify GPCRs whose expression was significantly decreased after challenge with Der p 1 in C57BL/6J but not BALB/cJ mice. Hence our findings confirm that AHR and inflammation represent two distinct allergic airway disease phenotypes in mice (12, (24) (25) (26) , and suggest that these differences are mediated by changes in expression of GPCRs.
The M2R is perhaps the strongest candidate, by virtue of its known role in mediating smooth muscle tone. Although the M3 muscarinic receptor (M3R) is better known for its direct role in the contraction of ASM, the M2R is expressed in ASM (Figure 7 ) (27) , and plays a direct role in contraction, secondary to the M3 receptor (28) . The M2R is also expressed at the parasympathetic prejunctional nerve terminal, but decreased expression at this site would ostensibly promote smooth muscle contraction because of its role in dampening signaling at the nerve terminal (29) . Hence our data suggest that the effect we observed occurs in smooth muscle, and not in the nerve terminal.
Fpr1 is expressed in leukocytes (30) , and is thought to modulate bronchoconstriction indirectly through the action of metabolites of arachidonic acid in guinea pigs and humans (31, 32) . Previous reports documented the expression of Fpr1 in human bronchial ASM and in numerous other tissues (33), but we did not detect it in murine ASM using immunohistochemistry, arguing for an indirect role in the contraction of ASM. Although Pln is not differentially expressed as a function of strain-Der p 1 interaction, it is also noteworthy because it is known to modulate intracellular Ca 21 and the activity of the b-adrenergic receptor (34) , and the ablation of Pln in mice results in decreased lung resistance (35) .
Clearly, the detailed mechanisms leading to the downregulation of these receptors merit further examination, and especially the question of whether this down-regulation represents some type of compensatory pathway.
We examined 14 publically available gene expression datasets from the National Center for Biotechnology Information (NCBI) GEO of murine models of allergic asthma, to see if these genes were down-regulated in other models. We analyzed those data and did not find similar changes in gene expression in Chrm2 (Table E7 ). Pln or Ptgfr were also not differentially expressed in these datasets. However, we found some evidence for the decreased expression of Fpr1, especially in the study by Kunikata and colleagues (36) , although none of the results for Fpr1 were statistically significant after correction for multiple testing. Moreover, Kunikata and colleagues (36) did not observe decreased AHR after allergen challenge in their study. One additional report in PubMed by Di Valentin and colleagues (17) reported a number of down-regulated genes that overlap with our results, namely, Igfbp6, Angpt1, Sult1d1, Fpr1, Pon1, Ms4a4 d, Galntl2, Aldh3a1, and Fmo3, of which Fpr1 is perhaps the gene of most interest in this overlap. Di Valentin and colleagues (17) repeatedly challenged BALB/cJ mice with ovalbumin (over the short, intermediate, and long terms), and those mice exhibited signs of inflammation and AHR. Therefore, the decreased expression of Fpr1 alone will apparently not yield a decrease in AHR, and the decreased expression of multiple genes involved in ASM contraction is necessary to yield decreased methacholine responsiveness. Table E2 (n 5 10-12/group/strain). Lung sections from C57BL/6J mice were stained using antibodies for a-smooth muscle actin (a-SMA) and M2R. Note the colocalization of a-SMA and the M2R in airway, but not in vascular smooth muscle. Scale bar, 100 mm. Similar results were obtained with BALB/cJ mice. (B) Western blot analysis of M2R expression in saline-challenged and Der p 1-challenged C57BL/6J mice. Densitometric analysis (right) shows a 57% reduction in expression, attributable to challenge with Der p 1.^Significantly different from control mice. DAPI, 4',6-diamidino-2-phenylindole; Gapdh, glyceraldehyde-3-phosphate dehydrogenase.
Previous reports have shown that it is possible to increase AHR in HDM-sensitized and challenged C57LB/6J mice. Shibamori and colleagues (37) used Der f extract in repeated intranasal sensitizations, and observed increased AHR after a single challenge with 100 mg of Der f. Tournoy and Schou (26) achieved increased AHR in this strain by sensitizing mice with Der p 1 plus alum with a chronic challenge protocol (Days [14] [15] [16] [17] [18] [19] [20] . Importantly, others showed that the addition of adjuvant, namely alum, initiates a distinct inflammatory response involving the inflammosome (38) . Hammad and colleagues (39) used three intratracheal challenges with HDM extract, and observed increased AHR (contingent on Tlr4). In comparison to these studies, one or more of our model parameters varied, namely, the allergen (extract versus purified single protein), the route of sensitization and use of adjuvant, and the dose and number of challenges. Other investigators showed that these factors profoundly affect the type and intensity of phenotype (9, 40, 41) ). Hence these differences seem likely to account for the discrepancy between our results and those of the cited works, and further experiments are required to delineate the dependence of the AHR phenotype on these model variables.
We focused our attention on the divergent physiologic consequences of allergen-induced inflammation in these two strains, rather than on baseline differences (which can be related to intrinsic AHR) (42, 43) , because we are interested in identifying the genome-by-environment interactions that underlie allergic asthma. However, some of the phenotypes we evaluated were significantly different among sensitized control mice. This was the case for the proportion of CD4 1 lymphocytes from the lung that expressed IL-13 and both IL-5 and IL-13 (Table E1) . As a result, the percent change in the expression of these cytokines was actually higher in BALB/cJ mice. It is unclear which metric of cytokine expression, percent change or total amount, better describes the effect of allergen challenge. BALB/cJ mice would be considered higher responders in terms of percent change, whereas C57BL/6J mice would be considered higher responders in terms of total amount. Furthermore, in these experiments, C57BL/6J mice demonstrated higher levels of airway responsiveness to methacholine at baseline, in contrast to some of our previous results (8) . This most likely occurred because airway responsiveness was only measured at one dose of methacholine in our previous work, whereas here a full dose-response was performed, and C57BL/6J mice were clearly more responsive at higher doses.
In conclusion, our results demonstrate the importance of genomic factors in determining responses to allergen sensitization and challenge, and the strain-Der p 1 interaction we identified offers new insights about the role of GCPRs in regulating ASM contraction, and about the impact of GCPRs on AHR. Our model and research strategy are well-suited to further, more detailed explorations of both the genomic pathways that lead to allergic phenotypes and the genetic basis of differential response. In particular, the question of which genes dictate different genomic responses is critically important. We plan to address this question using a quantitative trait locus mapping approach and a new murine genetics reference panel, known as the Collaborative Cross (44).
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